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Abstract
Purpose: Guinea pigs have been increasingly used as an animal model for experimental myopia. Infant guinea pigs are susceptible to
recovery from myopia within 2 weeks of form deprivation. This study investigated whether adolescent guinea pigs are susceptible to
recovery from myopia after a longer period of form deprivation.
Method: Twenty-two guinea pigs (age of 3 weeks) were randomly assigned to two groups: MDF (monocularly deprived facemask,
n D 11) and normal control (free of form deprivation, n D 11). All animals underwent biometric measurement (refraction, corneal curva-
ture and axial length) prior to the experiment. Animals in the MDF group wore a facemask that covered the right eye for 4 weeks. The
MDF was then removed and biometric measurement was performed immediately and at 2, 6, 10 and 14 days. The same measurement was
performed in the normal control group at time-points matching those of the MDF group.
Results: The MDF eyes were approximately 4 D more myopic with a greater increase in vitreous length by 0.12 mm compared to
either the fellow or the normal control eyes after form deprivation (p < 0.01). This relative myopia shifted rapidly towards hyperopia
within 2 days after removal of the MDF, followed by a more gradual recovery. A complete recovery occurred by 6 days after removal of
the MDF compared to the fellow and normal control eyes (p > 0.05). Vitreous length in the MDF eyes slightly reduced within 2 days after
removal of the MDF and then remained steady. The MDF eyes were similar to both the fellow and normal control eyes in vitreous length
(p > 0.05) 6 days after removal of the MDF. There was no signiWcant diVerence between the MDF, fellow and normal control eyes in the
other axial components during the form deprivation and recovery period.
Conclusion: Adolescent guinea pigs are susceptible to recovery from MDF-induced myopia. The refractive recovery is mainly corre-
lated to the inhibited axial elongation of the vitreous chamber of the previously deprived eyes.
© 2007 Elsevier Ltd. All rights reserved.
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It has been well-known that form deprivation or visual
defocus can induce axial myopia in a variety of animals,
including chickens (Junghans, Crewther, Liang, & Crew-
ther, 1999; Liang, Crewther, Crewther, & Junghans, 2004;
Wallman & Adams, 1987; Wildsoet & Wallman, 1995),
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doi:10.1016/j.visres.2007.01.002monkeys (Qiao-Grider, Hung, Kee, Ramamirtham, &
Smith, 2004; Zhong et al., 2004), tree shrews (McBrien &
Norton, 1992; Siegwart & Norton, 2002) and guinea pigs
(Howlett & McFadden, 2006; Lu et al., 2006; McFadden,
Howlett, & Mertz, 2004). Form deprivation myopia has
been identiWed in some ocular disorders in humans such as
ptosis, corneal opacity, congenital cataract and eyelid hae-
mangioma (Hoyt, Stone, Fromer, & Billson, 1981; Johnson,
Post, Chalupa, & Lee, 1982; O’Leary & Millodot, 1979;
Robb, 1977). In these disorders, dimensional changes of the
eyes are similar to those found in form deprivation myopia
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is a valuable model for the study of human myopia (Goss &
Criswell, 1981; Edwards, 1996; Schmucker & SchaeVel,
2004; Tejedor & Villa, 2003).
At present, two common methods are used to induce form
deprivation myopia: eyelid closure with sutures (lid-suture)
(Marsh-Tootle & Norton, 1989; Wiesel & Raviola, 1977) and
use of diVuser goggles (Marsh-Tootle & Norton, 1989; Qiao-
Grider et al., 2004; Wallman & Adams, 1987) attached
around the animal eyes. Recovery from axial myopia has been
observed when the diVuser goggles are removed after a period
of form deprivation from 1week to 3months in animal
models across species (Howlett & McFadden, 2006; Lu et al.,
2006; Siegwart & Norton, 1994, 2002; Troilo & Nickla, 2005;
Wallman & Adams, 1987). The ability to recover from myo-
pia for a species appears to be inversely correlated to duration
of the form deprivation induced by the diVusers (Howlett &
McFadden, 2006; Siegwart & Norton, 1994, 2002; Troilo &
Nickla, 2005; Wallman & Adams, 1987; SchaeVel, Burkhardt,
Howland, & Williams, 2004; Wallman & Winawer, 2004).
Therefore, there may be a “threshold” in duration of form
deprivation beyond which recovery from axial myopia would
not occur. It also appears that the younger the animals at the
onset of form-deprivation on animals the higher degree in
recovery from the axial myopia after removal of the diVuser
(Howlett & McFadden, 2006; Siegwart & Norton, 1994, 2002;
Troilo & Nickla, 2005; Wallman & Adams, 1987). This sug-
gests that form-deprivation myopia could be reversible as
long as the cause is removed prior to termination of the
emmetropization of the eye. Recovery from diVuser-induced
myopia is mainly correlated to a decreased axial elongation of
the eye in chickens, monkeys, tree shrews and guinea pigs
although relatively diVerent changes occur among these spe-
cies in other components of the eye (Howlett & McFadden,
2006; Siegwart & Norton, 1994, 2002; Troilo & Nickla, 2005;
Wallman & Adams, 1987).
In contrast to the use of diVusers, lid-suture in monkeys
(marmosets and rhesus monkeys) and tree shrews does not
usually show recovery from myopia in spite of the age of
onset and duration for form deprivation (Marsh-Tootle &
Norton, 1989; Qiao-Grider et al., 2004; Troilo, Nickla, &
Wildsoet, 2000). This indicates that lid-suture may cause
some permanent structural changes of the eye and therefore
is not a suitable technique used to establish form depriva-
tion for the study of refractive recovery in mammal models
(Qiao-Grider et al., 2004). Therefore, refractive recovery
following withdrawal of form deprivation is also deter-
mined by the method used to induce myopia.
We have recently used latex facemask (MDF: monocu-
larly deprived facemask) to induce myopia in guinea pigs
(Lu et al., 2006). Treatment with MDF is highly eVective
and non-invasive for the animals in inducing axial myopia.
This method allows evaluation for the same group of ani-
mals at diVerent time-points so that the number of animals
required could be minimized without compromising the
accuracy of the results. Wearing of diVuser goggles can rap-
idly induce axial myopia (¡5 to ¡6 D compared to thefellow eye) in infant guinea pigs (5 days of age) within
1–2 weeks of form deprivation (Howlett & McFadden,
2006). Full recovery from the myopia can be achieved due
to inhibition of axial elongation and choroidal thickening
in these animals approximately 1 week after removal of the
diVusers. To the best of our knowledge, whether the refrac-
tive recovery could also occur in older guinea pigs after a
longer period of form deprivation is not known. It is impor-
tant to explore the possibility of refractive recovery from
myopia in older children as most myopes are detected in
teenage (Avetisov, Savitskaya, Vinetskaya, & Iomdina,
1984). Therefore, this study investigated the reversibility
from axial myopia that was induced by MDF at 3 weeks of
age for a period of 4 weeks in guinea pigs. The recovery
process from axial myopia in other animal models was also
discussed to facilitate comparisons across species.
2. Materials and methods
2.1. Experimental design
The animal research in this study was approved by the Animal Care
and Ethics Committee at Wenzhou Medical College (Wenzhou, China).
The treatment and care of animals were conducted according to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. Twenty-two pigmented guinea pigs (Cavia porcellus, approxi-
mately 3-weeks old) were obtained from the Animal Breeding Unit at
Wenzhou Medical College and were randomly assigned to two groups:
MDF (monocularly deprived facemask, n D 11) and normal control (free
of form deprivation, n D 11). All animals underwent biometric measure-
ment (refraction, corneal curvature and axial length) prior to the experi-
ment. Animals in the MDF group wore a facemask that covered the right
eye for 4 weeks. The MDF was then removed from the animals and bio-
metric measurement was performed in both eyes of each animal immedi-
ately and at 2, 6, 10 and 14 days after removal of the MDF. Biometric
measurement was also performed on animals of the normal control group
at time-points matching those of the MDF group.
2.2. Form deprivation
In the MDF groups, latex-made (Suzhou, China) facemasks covered
one eye of the animals (Lu et al., 2006). The facemasks were opaque, soft
and elastic with the thickness of 0.01–0.02 mm and light transmission of
60%. The procedure in wearing a facemask has been detailed in a previous
study (Lu et al., 2006). BrieXy, the facemask was held in place based on its
rubber-band eVect around the head and the mouth of the animals. Two
sizes of the facemasks were used depending on the head size of the animals.
The facemasks were examined three times weekly to ensure that they were
in place and were promptly changed to a suitable size when necessary.
Claw-nails in all four limbs of the animals were clipped before the experi-
ment to minimize rupture of the MDFs caused by scratching with their
claws. All the animals were raised on a cycle of 12-h illumination (500 lx)
and 12-h darkness daily during the experimental period. Water and food
supplemented with Vitamin C were freely available for the animals.
2.3. Biometric measurement
Biometric measurement was performed by a research optometrist with
the help from an animal care assistant during the cycle of illumination (day
time). The optometrist was masked in regard to the identity of treatment in
each group. At each time-point prior to the measurement, the deprived-eyes
were opened by removal of the facemasks. General anesthesia was not used
for either the opening or measuring procedures because the opening was non-
invasive and the animals were very cooperative during the measurement.
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One drop of 1% cyclopentolate hydrochloride (Alcon, Belgium) was
topically administered to the eye every 5 min for four times to achieve a
completely dilated pupil. Retinoscopy for all animals was performed by
the same optometrist (accuracy: 0.25 D) in a dark room using a streak reti-
noscope and trial lenses. The refraction was recorded as the mean value of
the horizontal and vertical meridians (Howlett & McFadden, 2006; Lu
et al., 2006; McFadden et al., 2004).
2.3.2. Keratometry
Corneal curvature was measured with a keratometer (Topcon,
OM-4, Japan). An 8.0-D lens was attached onto the anterior surface of
the keratometer during the measurement in order to magnify the cornea
of the guinea pigs. This allowed the readings on the steep cornea exam-
ined to be recorded. A group of stainless steel balls with diameters from
5.5 to 11.0 mm were measured by the modiWed keratometer. Three read-
ings were recorded for each measurement to provide a mean result. The
corneal radius of curvature in guinea pigs was then deduced from the
readings on the balls with known radii (Lu et al., 2006; Norton & McB-
rien, 1992).
2.3.3. Ultrasonography
An A-scan ultrasonagraph (Cinescan A/B) was used to measure the
axial length of the eye, which consists anterior segment length (depth of
the anterior chamber and corneal thickness), the lens thickness and the
vitreous length. The ultrasound frequency was 11 MHz (Lu et al., 2006;
Zhou et al., 2006). The conducting velocity was 1557.5 m/s for measure-
ment of anterior segment length, 1723.3 m/s for measurement of the lens
and 1540 m/s for measurement of vitreous chambers (Lu et al., 2006;
Norton & McBrien, 1992; Zhou et al., 2006). Topical anaesthesia was
administered with 0.5% proparacaine hydrochloride (Alcon, Belgium)
prior to the ultrasound measurement. The ultrasound probe had direct
contact with the cornea during the axial measurement (Lu et al., 2006;
Zhong et al., 2004). The tip of the probe had a red light that guided the
probe to locate at the centre of the cornea perpendicularly. This perpen-dicular axis was conWrmed by a series of consistent ultrasound traces
when realigned the same eye for repeated measurements. A genuine
measurement was conWrmed when clear traces of various components
of the eye with consistent waves and amplitudes were detected (Lu et al.,
2006; Zhou et al., 2006). Each of the axial components was the mean of
the 10 repeated measurements.
2.4. Statistical analysis
The refractive status, corneal radius of curvature and axial compo-
nents of the form-deprived eyes were statistically compared to those of the
fellow eyes within the same group at each time-point (paired sample t-test,
SPSS Version 11.5). These biometric results were also compared between
diVerent time-points in the same group and between the MDF and normal
control groups (one-way ANOVA with Bonferroni correction, SPSS Ver-
sion 11.5). Both the intra-group diVerence and inter-group diVerence were
deWned as signiWcant at p < 0.05 and highly signiWcant at p < 0.01.
3. Results
3.1. Baseline
There was no signiWcant diVerence between the two eyes
of the same animals in each group (MDF or normal con-
trol) in refraction, corneal radius of curvature, anterior seg-
ment length, lens thickness and vitreous length prior to
form deprivation (Tables 1 and 2). There was also no sig-
niWcant diVerence between the MDF and normal control
groups in all the biometric results prior to the form depriva-
tion (p > 0.05 between right eye in MDF and right eye or
left eye in normal control; p > 0.05 between left eye in MDF
and right eye or left eye in normal control). Therefore, onlyTable 1
A comparison between MDF eye and the fellow eye in refraction, corneal curvature and axial components in guinea pigs during form deprivation and
recovery period (paired sample t-test)
“p” refers to signiWcant levels as calculated from paired sample t-test; “MDF¤” refers to removal of the facemask.
Age (days) 21 49 51 55 59 63
N 11 11 11 11 11 11
Eye MDF Fellow MDF¤ Fellow MDF¤ Fellow MDF¤ Fellow MDF¤ Fellow MDF¤ Fellow
Refraction (D)
 Mean 3.95 4.11 ¡1.07 2.86 1.20 2.80 1.86 3.00 1.66 2.30 1.77 2.16
 SD 1.41 1.42 1.48 1.44 2.01 1.85 2.25 1.51 2.36 1.92 2.28 1.80
 p 0.644 <0.001 0.034 0.077 0.267 0.579
Corneal radius of curvature (mm)
 Mean 3.37 3.37 3.60 3.62 3.62 3.63 3.62 3.64 3.65 3.66 3.67 3.68
 SD 0.05 0.06 0.07 0.07 0.06 0.07 0.08 0.06 0.10 0.07 0.08 0.06
 p 0.946 0.117 0.484 0.114 0.348 0.424
Anterior segment length (mm)
 Mean 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.30 1.31 1.31 1.30 1.31
 SD 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
 p 0.846 0.690 0.271 0.863 0.100 0.371
Lens thickness (mm)
 Mean 3.25 3.23 3.60 3.60 3.62 3.63 3.64 3.68 3.70 3.71 3.70 3.70
 SD 0.09 0.11 0.08 0.09 0.10 0.08 0.09 0.09 0.09 0.08 0.10 0.10
 p 0.132 0.807 0.820 0.199 0.583 0.658
Vitreous length (mm)
 Mean 3.50 3.50 3.72 3.59 3.69 3.60 3.69 3.63 3.72 3.66 3.71 3.67
 SD 0.11 0.07 0.11 0.10 0.11 0.11 0.11 0.13 0.13 0.15 0.10 0.09
 p 0.883 <0.001 0.002 0.065 0.180 0.174
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trol group were analyzed and compared to those from the
MDF group.
3.2. Refraction
The refraction reduced in MDF, fellow and normal con-
trol eyes from 3 weeks of age. However the MDF eyes were
approximately 4 D more myopic (¡1.07 § 1.48 D,
mean § SD) than either the fellow eyes (2.86 § 1.44 D) or
the normal control eyes (3.08 § 0.87 D) after 4 weeks of
form deprivation (MDF vs fellow or normal control:
p < 0.001 at 7 weeks of age) (Fig. 1a). This relative myopia
in the MDF eyes shifted rapidly towards hyperopia within
2 days after removal of the MDF (0 day vs 2 days after
MDF removal: p < 0.01), followed by a more gradual recov-
ery in a further period of 4 days (p > 0.05 between any two
time-points from 2 days after MDF removal) (Table 1 and
Fig. 1b). The MDF eyes completely recovered from myopia
by 6 days after removal of the MDF (1.86 § 2.25 D) as com-
pared to the fellow (3.0 § 1.51 D) and normal control
(2.73 § 1.12 D) eyes (MDF vs fellow or normal control:
p < 0.05 at 0 and 2 days but >0.05 from 6 days). The refrac-
tion was similar between the fellow and normal control eyes
at all time-points observed (p À 0.05).
3.3. Axial dimensions
The vitreous length signiWcantly increased from 3 to
7 weeks of age in both the MDF and the fellow eyes (3 vs
7 weeks: p < 0.001 for MDF; p < 0.02 for fellow; p > 0.05 fornormal control) However, the MDF eyes had a vitreous
length (3.72 § 0.11 mm) approximately 0.12 mm greater
than either the fellow eyes (3.59 § 0.10 mm) or the normal
control eyes (3.60 § 0.09 mm) after 4 weeks of form depriva-
tion (MDF vs fellow: p < 0.001; MDF vs normal control:
p < 0.01 at 7 weeks of age) (Fig. 2a). The vitreous length in
the MDF eyes slightly reduced within 2 days after removal
of the MDF and then remained steady (p > 0.05 between
any two time-points from 0 day after removal of the MDF).
More importantly, the vitreous length was still signiWcantly
greater than both the fellow and normal control eyes
(MDF vs fellow: p < 0.01; MDF vs normal control: p < 0.05)
2 days after removal of the MDF (Fig. 2b). This diVerence
between the MDF and the other two diVerently treated eyes
became insigniWcant (p > 0.05) from 6 days after removal of
the MDF. The vitreous length was very similar between the
fellow and normal control eyes at all time-points observed
(p À 0.05).
The lens thickness increased highly signiWcantly from 3
to 7 weeks at a rate (estimated at 0.10 mm/week, p < 0.001)
similar for the MDF, fellow and normal control eyes.
Therefore, it was very similar for the three diVerently
treated eyes by 7 weeks of age (MDF: 3.60 § 0.08 mm; fel-
low: 3.60 § 0.09 mm; normal control: 3.61 § 0.08 mm;
p > 0.05 between any two of these eyes) (Fig. 3a). After
removal of the MDF from 7 weeks of age, the lens thickness
continued to increase at a rate (estimated as 0.05 mm/week)
similar for the three diVerently treated eyes (p À 0.05
between any two of these eyes at all time-points) (Fig. 3b).
The corneal radius of curvature increased highly, signiW-
cantly from 3 to 7weeks at a rate (estimated at 0.05mm/week,Table 2
A comparison between two eyes of same animals in refraction, corneal curvature and axial components in normal control group (paired sample t-test)
Age (days) 21 49 51 55 59 63
N 10 10 10 10 10 10
Eye Right Left Right Left Right Left Right Left Right Left Right Left
Refraction (D)
 Mean 4.23 4.15 3.08 3.20 2.85 3.15 2.73 2.93 2.60 2.75 2.63 2.73
 SD 1.30 0.86 0.87 0.80 1.11 1.10 1.12 0.67 1.07 0.91 0.91 1.03
 p 0.813 0.605 0.526 0.553 0.619 0.768
Corneal radius of curvature (mm)
 Mean 3.38 3.38 3.60 3.60 3.60 3.61 3.62 3.63 3.65 3.65 3.66 3.67
 SD 0.07 0.08 0.08 0.08 0.08 0.06 0.08 0.08 0.09 0.10 0.07 0.08
 p 0.759 0.498 0.156 0.764 0.559 0.585
Anterior segment length (mm)
 Mean 1.30 1.29 1.30 1.30 1.30 1.30 1.30 1.30 1.31 1.31 1.31 1.30
 SD 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
 p 0.693 0.591 0.832 1.000 0.823 0.413
Lens thickness (mm)
 Mean 3.21 3.20 3.61 3.61 3.63 3.62 3.66 3.64 3.68 3.67 3.69 3.68
 SD 0.06 0.08 0.08 0.06 0.09 0.10 0.08 0.06 0.06 0.06 0.05 0.05
 p 0.601 0.818 0.836 0.375 0.595 0.357
Vitreous length (mm)
 Mean 3.53 3.54 3.60 3.61 3.60 3.62 3.63 3.64 3.65 3.66 3.67 3.67
 SD 0.09 0.07 0.09 0.08 0.11 0.08 0.06 0.08 0.06 0.05 0.04 0.05
 p 0.883 0.513 0.421 0.525 0.520 0.566
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eyes. Therefore, this value was very similar for the three diVer-
ently treated eyes by 7weeks of age (MDF: 3.60§0.07mm;
fellow: 3.62§0.07mm; normal control: 3.60§0.08mm;
p>0.05 between any two of these eyes) (Fig. 4a). The corneal
radius of curvature continued to increase at a rate (estimated
less than 0.05mm/week) similar for the three diVerently
treated eyes (p>0.05 between any two of these eyes at all
time-points) during the recovery period (Fig. 4b).
There were no changes in the anterior segment length for
the MDF, fellow and normal control eyes from 3 to 7 weeks
of age and during the recovery period (1.29 § 0.01 to
1.31 § 0.02 mm for the three diVerently treated eyes; p > 0.05
between any two time-points for MDF, fellow or normal
control eyes and between the three diVerently treated eyes
at all time-points) (Tables 1 and 2, Fig. 5).
4. Discussion
This study conWrms that axial myopia can be induced by
MDF in 3-week-old guinea pigs (Lu et al., 2006). More
importantly, the guinea pig eyes are able to recover from the
Fig. 1. (a) The refraction was similar for the MDF, fellow and normal
control eyes at 3 weeks of age (p > 0.05 between MDF and fellow or
normal control). However, the MDF eye was approximately 4 D more
myopic than both the fellow and normal control eyes after 4 weeks of
form deprivation (MDF vs fellow or normal control: p < 0.001 at
7 weeks of age). (b) The relative myopia shifted rapidly towards hyper-
opia within 2 days after removal of the MDF (0 vs 2 days after MDF
removal: p < 0.01), followed by a more gradual recovery (p > 0.05
between any two time-points from 2 days after MDF removal). The full
recovery nearly occurred 6 days after removal of the MDF (MDF vs
fellow or normal control: p < 0.05 at 0 and 2 days but >0.05 from
6 days). The refraction was similar between the fellow and normal con-
trol eyes at all time-points observed (p À 0.05).
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Normal control (Right eye)MDF-induced myopia at adolescent age (7weeks) after
removal of the form deprivation. The myopia induced by
MDF mainly results from the increasing axial elongation of
the vitreous chamber, because the vitreous length in the
MDF eyes increases signiWcantly faster than in the fellow
and normal control eyes (p < 0.01, Fig. 2) during the period of
form deprivation. Both lens thickness and corneal radius of
curvature increase highly signiWcantly (p <0.001) from 3 to
7weeks of age in either the MDF, fellow or normal control
eyes. However the increasing rate for these two parameters is
similar for the three diVerently-treated eyes (p > 0.05), indi-
cating that they only play a signiWcant role in refractive
development under normal visual conditions. These results
are consistent with those found in diVuser-induced myopia in
guinea pigs (Lu et al., 2006), chickens (Wallman & Adams,
1987; Wildsoet & Wallman, 1995), primates (Qiao-Grider
et al., 2004; Troilo & Judge, 1993) and tree shrews (McBrien
& Norton, 1992; Siegwart & Norton, 2002). Additionally, the
anterior segment length remains constant from 3weeks of
age in all the three diVerently treated eyes, indicating that it is
not the major component contributing to axial growth and
refractive development of the eye in guinea pigs.
Fig. 2. (a) The vitreous length was similar for the MDF, fellow and normal
control eyes at 3 weeks of age (p > 0.05 between MDF and fellow or nor-
mal control). This value in the MDF eye was approximately 0.12 mm
greater than in the fellow eye or normal control eye after 4 weeks of form
deprivation (MDF vs fellow: p < 0.001; MDF vs normal control: p < 0.01
at 7 weeks of age). (b) The vitreous length in the MDF eyes reduced within
2 days after removal of the MDF and then remained steady (p > 0.05
between any two time-points from 2 days after MDF removal). This value
was still signiWcantly greater than both the fellow and normal control eyes
2 days after removal of the MDF (MDF vs fellow: p < 0.01; MDF vs nor-
mal control: p < 0.05). The vitreous length in the MDF eye was similar to
that in the other two diVerently treated eyes (p > 0.05) from 6 days after
removal of the MDF. The vitreous length was similar between the fellow
and normal control eyes at all time-points observed (p À 0.05).
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ative to the fellow or normal control eye within 4 weeks of
form deprivation) is slower with a smaller degree than that
(¡6.6 D within 11 days of form deprivation) from Mcfad-
den’s study (Howlett & McFadden, 2006), probably due to
the occurrence of the older age of the animals in form
deprivation in the current study (Lu et al., 2006; Papaster-
giou et al., 1988; Qiao-Grider et al., 2004; Troilo & Nickla,
2005). The amount of myopia induced by 4 weeks of form-
deprivation in the present study is still smaller than that
induced by only 11 days of form-deprivation (Howlett &
McFadden, 2006). This indicates that the age of onset is
more sensitive than the duration of induction in form
deprivation myopia. The cornea Xattening of the deprived
eyes in infant guinea pigs (Howlett & McFadden, 2006) sig-
niWcantly slows down. However, our current and previous
studies (Lu et al., 2006) show that corneal Xattening with
age is in a similar rate among the deprived, the fellow and
the normal control eyes. These results indicate that both
corneal curvature and vitreous length contribute signiW-
cantly to the development of form deprivation myopia in
infant guinea pigs. However, the myopia becomes more
related to axial elongation when the starting age of the
form deprivation increases.
Fig. 3. (a) The lens thickness was similar for the MDF, fellow and normal
control eyes prior to form deprivation (p > 0.05 between MDF and fellow
or normal control at 3 weeks of age). However, it increased highly signiW-
cantly from 3 to 7 weeks (p < 0.001) at a rate (estimated at 0.10 mm/week)
similar for the MDF, fellow and normal control eyes. Therefore the lens
thickness was similar for the three diVerently treated eyes by 7 weeks of
age (p > 0.05 between any two of these eyes). (b) After removal of the
MDF from 7 weeks of age, the lens thickness continued to increase in a
rate (estimated at 0.05 mm/week) similar for the three diVerently treated
eyes (p À 0.05 between any two of these eyes at all time-points).
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Normal control (Right eye)It is noted that the increase in vitreous length is signiW-
cant from 3 to 7 weeks (p < 0.02) in the fellow eyes but not
signiWcant in the normal control eyes (Fig. 2). This suggests
that there may be a cross-eVect between the MDF eye and
its fellow eye in axial elongation. However, this possible
cross-eVect is unlikely to be signiWcant as all biometric
results are similar between the fellow and normal control
eyes (p > 0.05) at all time-points (Figs. 1–5). Therefore the
MDF eyes appear not to cause obvious cross-eVects on the
fellow eyes. In contrast, lid-suture in one eye can induce a
hyperopic shift in the fellow eye in guinea pigs (Lu et al.,
2006) and tree shrews when compared to the normal
control eyes (McBrien & Norton, 1992). This hyperopic
change is correlated with a slower elongation in vitreous
length and anterior segment length in the fellow eyes of tree
shrews (McBrien & Norton, 1992). Form deprivation by
diVusers in one eye results in a greater vitreous length in the
fellow eye when compared to the normal control eyes in
infant guinea pigs (Howlett & McFadden, 2006) and prima-
tes (Bradley, Fernandes, Lynn, Tigges, & Boothe, 1999).
Furthermore, the greater vitreous length results in a more
myopic change of the fellow eye in the primates (Troilo &
Nickla, 2005) but not in the guinea pigs (Howlett &
McFadden, 2006). This is probably due to the Xatter cor-
neal curvature of the fellow eye which counteracts the myo-
pic change resulted from the greater vitreous length in the
Fig. 4. (a) The corneal radius of curvature was similar for the MDF, fellow
and normal control eyes prior to the form deprivation (p > 0.05 between
any two of these eyes). However, it increased highly signiWcantly from 3 to
7 weeks (p < 0.001) at a rate (estimated at 0.05 mm/week) similar for the
MDF, fellow and normal control eyes. Therefore this value was similar for
the three diVerently-treated eyes by 7 weeks of age (p > 0.05 between any
two of these eyes). (b) During the recovery period, the corneal radius of
curvature continued to increase at a rate (estimated less than 0.05 mm/
week) similar for the three diVerently treated eyes (p > 0.05 between any
two of these eyes at all time-points).
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McFadden, 2006).
In the present study, recovery from myopia occurs fast-
est within 2 days after removal of the MDF, resulting in an
approximate 60% recovery compared to either the fellow or
normal control eyes (Fig. 1). The vitreous length in the pre-
viously-deprived eyes slightly reduces within 2 days after
removal of the MDF and then remains steady in the
remaining 12 days (Fig. 2). However, this value in both the
fellow and normal control eyes continuously increases at a
similar speed during the recovery process (a period of
14 days from 7 weeks of age). The lens thickness and cor-
neal radius of curvature also continuously increase at a
similar rate for the previously deprived, the fellow and the
normal control eyes (Figs. 3 and 4). Full recovery occurs by
6 days of the MDF removal in both refraction and axial
length of the vitreous chamber (MDF vs fellow or normal
control in refraction and vitreous length: p > 0.05 from
6 days). Therefore, it is the change in vitreous length that
plays a critical role in the refractive recovery of the previ-
ously deprived eyes.
The refractive recovery in the previously deprived eyes
is similar to those found in infant guinea pigs where 65%
refractive recovery occurs within 1 day of the diVuser
removal after 11 days of form deprivation (Howlett &
McFadden, 2006). Full recovery from myopia is pre-
dicted approximately 1 week after the diVuser removal in
the same study (Howlett & McFadden, 2006). The refrac-
Fig. 5. There were no changes in anterior segment length for the MDF, fel-
low and normal control eyes from 3 to 7 weeks of age (a) and during the
recovery period (b) (p > 0.05 between any two time-points for MDF, fel-
low or normal control eye; p > 0.05 between the three diVerently treated
eyes at all time-points).
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Normal control (Right eye)tive recovery in the infant guinea pigs is associated with
not only the inhibition of the axial growth of the eye but
also the choroidal thickening observed within 1 day after
removal of the diVuser (Howlett & McFadden, 2006).
Therefore, the decreased vitreous length within 2 days
after removal of the MDF in the present study could be
also related to choroidal thickening in the previously
deprived eyes. Changes in choroidal thickness are also
observed during form deprivation by lid suture or diVus-
ers and after removal of the diVusers across species
(Hung, Wallman, & Smith, 2000; Liang, Crewther, Crew-
ther, & Pirie, 1996; McBrien, Lawlor, & Gentle, 2000;
Wallman & Winawer, 2004).
Unlike defocus-induced myopia where hyperopic
defocus is the main triggering factor, form deprivation
myopia is triggered by loss of contrast at high spatial fre-
quencies. However the main morphological change (axial
elongation of the vitreous chamber) contributing to the
myopic development is similar for these two models
(Wallman & Adams, 1987; Wildsoet & Wallman, 1995).
These results suggest that mechanisms involved in signal
process at retinal photoreceptors may be diVerent for
form deprivation and defocus-induced myopia (Bart-
mann, SchaeVel, Hagel, & Zrenner, 1994; Fujikado,
Kawasaki, Suzuki, Ohmi, & Tano, 1997; Wildsoet, 2003).
However, biochemical pathways (such as dopamine and
acetylcholine) involved in regulation of the phenotype of
the eyes could be similar for the two myopic models (Kee,
Marzani, & Wallman, 2001; SchaeVel, Bartmann, Hagel,
& Zrenner, 1995). As shown in the present and McFad-
den’s studies, recovery from the form deprivation myopia
in guinea pigs appears to follow the mechanism which
occurs during positive lens-induced defocus of the eye.
For instance, the “myopic defocus” of the eye is rapidly
corrected by an inhibited axial growth of the vitreous
chamber and probably the choroidal thickening after
removal of the form deprivation.
The speed of recovery from myopia with the associated
inhibition of axial growth in adolescent guinea pigs is similar
to that from diVuser-induced myopia in chickens (Wallman
& Adams, 1987; Wildsoet & Schmid, 2000) and tree shrews
(Siegwart & Norton, 2002; Wallman & Winawer, 2004), but
much faster than in adolescent primates under the similar
duration of form deprivation (Hung et al., 2000; Smith, Kee,
Ramamirtham, Qiao-Grider, & Hung, 2005; Troilo &
Nickla, 2005). Therefore, guinea pigs appear to act similarly
as other mammals to recover from myopia when the form
deprivation is removed in spite of diVerent methods applied
for the deprivation. The fellow eyes are not aVected in refrac-
tion and axial components during the recovery period in
guinea pigs in both the present and McFadden’s studies
(Howlett & McFadden, 2006). In contrast, the refractive sta-
tus and axial elongation in the fellow eyes can develop in a
direction opposite to that in the previously form-deprived
eyes in primates (Hung et al., 2000; Qiao-Grider et al., 2004).
In summary, myopia induced by form deprivation
appears to be more age-related than the recovery from
1110 X. Zhou et al. / Vision Research 47 (2007) 1103–1111myopia in guinea pigs. Adolescent guinea pigs are suscep-
tible to recovery from MDF-induced myopia. This
refractive recovery is mainly correlated to the inhibited
axial elongation of the vitreous chamber in the previ-
ously deprived eye. A full recovery from the myopia
nearly occurs by 6 days after removal of the form depri-
vation. The interaction between the MDF eye and its fel-
low eye is minimal during the form deprivation and the
recovery period. The procedure in removal of facemasks
is non-invasive and is more convenient than removal of
goggle diVusers from the animals. Therefore, MDF could
be the alternative to goggle diVusers in the study of
recovery from axial myopia in mammals.
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